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.2012.09.Abstract The petrographical and petrophysical analyses are very important to understand the fac-
tors controlling the reservoir quality. So, these techniques have been applied on rock samples col-
lected from the Cretaceous section for four wells drilled in the North Western Desert, Egypt. The
wells are Gibb Aﬁa-1, Betty-1, Salam-1X and Mersa Matruh-1. Lithostratigraphically, the studied
rock samples are grouped into Lower Cretaceous sandstones, Upper Cretaceous sandstones and
Upper Cretaceous carbonates.
Petrographically, the Cretaceous rock samples can be differentiated into 14 microfacies, namely,
chloritic ferrigenous quartz wacke, ferrigenous calcareous quartz wacke, laminated quartz wacke,
calcareous glauconitic quartz arenite, laminated gypsiferous quartz arenite, fossiliferous glauconitic
calcareous quartz arenite, clayey ferrigenous calcareous quartz arenite, ferrigenous calcareous glau-
conitic lithic arenite, feldspathic ferrigenous quartz arenite, fossiliferous biomicrite, glauconitic ooli-
tic sandy biosparite, calcareous gypsiferous ferrigenous dolostone, calcareous algal siltstone and
laminated sandstone and siltstone.
Lower Cretaceous rocks have been deposited in a ﬂuviatile in shallow marine environments, while
the Upper Cretaceous rocks have been deposited in a ﬂuviatile in marine environments. Diagenetic
history has been controlled by diagenetic processes enhancing the porosity (dissolution of frame-
work silicates, leaching and dolomitization) and diagenetic processes reducing porosity (mechanical
inﬁltration of clays, formation of authigenic minerals, compaction and pressure solution, cementa-
tion and recrystallization).(M.A. Kassab).
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74 M.A. Kassab et al.Porosity types are mainly interparticles, vugs and molds, in addition to fractures and channel
porosities. The average porosity of the Lower Cretaceous sandstones, Upper Cretaceous sandstones
and Upper Cretaceous carbonates are 16.6%, 16.7% and 22.0%, respectively, as depends mainly on
the bulk density with average values of 2.22, 2.26 and 2.14 g/cm3, respectively.
The permeability of both the Lower and Upper Cretaceous sandstones with average values of
114.14 and 50.40 mD, respectively, depends mainly on porosity with some other parameters, like
pore throat sizes and it could be also related to the electrical tortuosity with average values of
2.27 and 2.40, respectively. The Upper Cretaceous carbonate rocks are characterized by high poros-
ity (22.0%) and low permeability (3.91 mD), this could be attributed to the isolated pore space, and
decreasing in pore throat sizes due the presence of signiﬁcant amounts of ﬁne particles (clay min-
erals having microporosity and reduce the pore throat radius).
The reservoir quality index with average values of 0.43, 0.29 and 0.08 lm, depends mainly on per-
meability with average values of 114.14, 50.40 and 3.91 mD, of the Lower Cretaceous sandstones,
Upper Cretaceous sandstones and the Upper Cretaceous carbonates, respectively. This indicates
that, the sandstones of the Lower and Upper Cretaceous rocks are characterized by high to mod-
erate reservoir quality, respectively, while the Upper Cretaceous carbonate rocks are characterized
by low reservoir quality. This may be due to the combined effect of the porosity and permeability
rather than the total porosity.
The formation resistivity factor was measured at three consequent saline concentrations of 6, 30
and 60 kppm, it is controlled by the porosity and electrical tortuosity.
ª 2012 Egyptian Petroleum Research Institute. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
The Western Desert comprises the area west of the Nile River
and the Delta. It extends from the Mediterranean Sea in the
north to Sudan’s borders in the south and from the Nile valley
in the east to the Libyan borders in the west and accounts for
approximately two thirds of the surface area of Egypt. It has
been subjected to different tectonic regimes since the Paleozoic,
which was able to form many sedimentary basins and sub-ba-
sins, ridges, troughs and platforms.
The North Western Desert of Egypt has been recognized as
a region of simple surface geological features that conceal be-
neath it more complicated geological structures. The detailed
geological studies, which have been carried out in the subsur-
face of the North Western Desert area revealed the presence of
different basins and sub-basins. Many geological, as well as
mineralogical and sedimentological studies have been carried
out in the past decades, but only sparse petrophysical re-
searches. Focus of these research efforts has been mostly on
the North Western Desert [1–7].
Hydrocarbon production in the Western Desert is concen-
trated in the Cretaceous rocks, particularly the Aptian and
Cenomanian–Turonian carbonates and clastic reservoirs.
Many ﬁelds are associated with palaeo-highs, where both clas-
tic and carbonate reservoirs have been deposited under rela-
tively high energy conditions [6]. The study of the
Cretaceous rocks in Egypt, in general and especially in the
northern part of the Western Desert, is most interesting due
to their high hydrocarbon potential.
The petrography, diagenesis and petrophysics of the
subsurface Cretaceous rocks from the four wells have been
analyzed to study their reservoir quality in the study area
(Fig. 1).
The studied wells, Gibb Aﬁa-1, Betty-1, Salam-1X and
Mersa Matruh-1 are located between latitudes 293705900N
and 311904300N and longitudes 262001200E and 272604500E.2. Materials and methods
Thin sections and scanning electron micrography of core sam-
ples are used to identify the mineralogical composition, diage-
netic processes and depositional environments. The
petrographical study of 40 thin sections is based mainly on
the microscopic examination of the studied samples. Thin sec-
tions preparation involved vacuum impregnation with blue
epoxy to facilitate the recognition of porosity types. The scan-
ning electron micrography analysis was performed on 15 sam-
ples by the scanning electron microscope (SEM) model (JEOL
JSM-5300). The classiﬁcation of the clastics in the present
study is according to [8] and the classiﬁcation of the carbonate
is according to [9].
Petrophysical measurements were carried out for selected 70
core samples (Fig. 2). Helium porosimeter was used to deter-
mine the porosity. The studied samples have been drilled into
cylinders of about 2.54 cm in diameter and up to 3.00 cm length
for the petrophysical measurements. These cylindrical samples
were cleaned and then dried at temperature of 85C for 10 h.
The bulk density (rb) of rock samples was measured using
direct methods for geometrical shapes (cylindrical plugs),
where the bulk volume (Vb) and dry weight of the core samples
(Wd) were measured using a precision caliper (0.1 mm preci-
sion) and an electronic balance (0.1 mg precision).
The measured rock bulk density (rb) was calculated as:
rb ¼Wd=Vb ð1Þ
The rock porosity (Ø) has been determined by the use of
matrix cup helium porosimeter (Heise Gauge type) for grain
volume estimation and DEB-200 instrument, which follows
Archimedes law for bulk volume determination.
The grain density (rg) was determined by the product of
porosity measurements using the following equation:
rg ¼Wd=Vg ð2Þ
Figure 1 Location map of the studied wells.
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according to the following equation:
Vg ¼ Vb  Vp ð3Þ
where Vp is the volume of the pores.
Permeability (K) was measured by using Core Lab perme-
ameter. Permeability (K) was measured by the following
equation:
K ¼ QlL=ADP ð4Þ
where K is the permeability factor, milli Darcy, Q is the rate of
ﬂow, cm3/sec, l is the viscosity, centipoises, DP is the pressure
gradient, atm./cm, A is the cross section area, cm2 and L is the
length, cm.
Reservoir quality index (RQI, lm) is controlled by two
parameters: permeability, K, and porosity, Ø that are ex-
pressed in mD and fraction, respectively. It is deﬁned accord-
ing to [10,11] as:
RQI ðlmÞ ¼ 0:0314
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
K=Ø
p
ð5Þ
The apparent electrical resistivity (Ro) was measured using
the resistivity meter model Gen Rad 1689M RLC Digibridge
and a Hassler type core holder with two copper electrodes
for fully saturated core samples with sodium chloride solution
at three concentrations 6000, 30,000 and 60,000 ppm. This
brine solution was selected to be almost equal to the true for-
mation water concentration resulting in a water resistivity
(Rw1 = 0.54 X m, Rw2 = 0.16 X m and Rw3 = 0.116 X m),
respectively.Formation resistivity factor was calculated, according to
[12]:
F ¼ Ro=RW ð6Þ
where F is the formation resistivity factor, Ro is the resistivity
of the porous rock and RW is the resistivity of brine.
The electrical tortuosity (t), on the other side, can be calcu-
lated using the following equation, according to [13,14]:
t2 ¼ FØ ð7Þ
Then,
t ¼
ﬃﬃﬃﬃﬃﬃﬃ
UF
p
ð8Þ
where Ø is the porosity, percentage and fraction, F is the for-
mation resistivity factor, and t is the electrical tortuosity.
2.1. Lithostratigraphy
The Cretaceous rocks in the study area are divided into a lower
unit made up primarily of clastics and belonging to the Lower
Cretaceous, and an upper unit made up mainly of carbonates
and belonging to the Upper Cretaceous [6]. The following is a
brief description of these units from top to bottom (Fig. 3).
2.1.1. Khoman Formation (Santonian–Maestrichtian)
It consists mainly of fractured chalk, ﬁlled with calcite crystals.
Ref. [15] reported that, the lower part of the Khoman Forma-
tion is composed of shales and carbonate interbeds of the San-
tonian age. The chalk unconformably overlies different units
Figure 2 Stratigraphic successions of Cretaceous in Betty-1, Gibb Aﬁa-1, Salam-1X and Mesa Matruh-1 wells.
76 M.A. Kassab et al.of Abu Roash or Bahariya Formation and unconformably
underlies Lower Eocene to Oligocene units.
2.1.2. Abu Roash Formation (Late Cenomanian–Santonian)
It overlies conformably the Bahariya Formation and uncon-
formably underlies the Khoman Formation. The formation
is divided into seven informal members designated from bot-
tom to top: G, F, E, D, C, B and A, members B, D and F
are relatively clean carbonates, whereas A, C, E and G mem-bers are largely ﬁne clastics. The limestone is cryptocrystalline,
locally argillaceous and dolomitic. Dolomite is more frequent
in the north and east. The shales are gray, partly glauconitic
and pyritic. They grade into carbonate in the north. Sandstone
is of minor importance, laterally grades into shales. Member G
is of lagoonal origin in the south, whereas the formation was
deposited in an open shallow marine shelf during several sed-
imentary cycles, which developed in response to the oscillation
of sea level.
Figure 3 A composite Lithostratigraphic column of the northern part of the Western Desert [6,22].
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It consists of glauconitic and pyretic sandstone interbedded
with shales, siltstones and carbonates [4]. Ref. [16] introducedthe ﬁrst name of Bahariya Formation, at its type locality is Ga-
bel El Dist, Bahariya Oasis. Bahariya-1 well is the type locality
for the subsurface Bahariya Formation as reported by [17].
78 M.A. Kassab et al.Bahariya Formation was deposited under shallow marine envi-
ronment in the north and ﬂuvial environment in the South
Western Desert [4].
2.1.4. Kharita Formation (Lower Cretaceous–Albian)
It consists of thick sandstone and a few types of shale of shal-
low marine environments and extends over most of the Wes-
tern Desert [4]. Kharita Formation is considered as a very
good reservoir, where oil and gas condensates are recorded
out from sand in Ahram, AG, Sitra, Badr El Din and Naga
ﬁelds, as reported from [18,4]. It is considered as fair to good
source rock in the Matruh basin [19].
2.1.5. Dahab Formation (Aptian–Early Albian)
It consists of shales, siltstones, sandstones and minor carbon-
ate interbeds. The shales of this formation are believed to be
the most effective vertical and possibly the lateral seal for
the underlayed Alamein Dolomite reservoir [20]. The sand-
stones of Dahab Formation are considered as the producing
interval in Alamein and Razzak ﬁelds [21].
2.1.6. Alamein Formation (Lower Cretaceous–Middle Aptian)
Ref. [22] recorded that Alamein Formation represents a car-
bonate and ﬁne grained break between two sandstone cycles,
Alam El Bueib Formation from the base and Kharita Forma-
tion at the top. Alamein Formation consists mainly of dolo-
mite and limestone of shallow marine environment [4].
2.1.7. Alam El Bueib Formation (Neocomian–Lower Aptian)
It consists of a very thick sandstone unit interbedded with min-
or shales of shallow marine or ﬂuvio-deltaic environment [4].
2.2. Microfacies analysis
The studied rock samples can be differentiated into 14 microf-
acies of three major Lithostratigraphic groups (Lower Creta-
ceous sandstones, Upper Cretaceous sandstones and Upper
Cretaceous carbonates) as follows.
2.2.1. Microfacies of Lower Cretaceous sandstones
2.2.1.1. Ferrigenous calcareous quartz wacke. It is recorded in
Mersa Matruh-1X and Gibb Aﬁa-1 wells and is composed of
monocrystalline (rarely polycrystalline) quartz grains which
are ﬁne to coarse in size, rounded to subangular, moderately
to ill-sorted and exhibited straight (occasionally wavy) extinc-
tion. The grains are in point, elongated, and concavo-convex
contacts. Heavy minerals (zircon and tourmaline) are recorded
in this microfacies, this indicate either prolonged abrasion or
that the minerals are being reworked from older sediments.
The cement of this microfacies is mainly, calcite which replaces
and corrodes the peripheries of the quartz grains (Plate 1-2), in
addition to the ferrigenous cement.
2.2.1.2. Laminated quartz wacke. It is recorded in Gibb Aﬁa-1
well and is mainly composed of monocrystalline quartz grains,
which are very ﬁne in grain size, angular to subrounded, mod-
erately sorted, and exhibited straight and occasionally wavy
extinction. The grains show point and elongated contacts
(Plate 1-3). Other components include reddish and reddish
green glauconite, gypsum patches, heavy minerals (zircon,epidote and tourmaline), and altered feldspar. The quartz com-
ponents are cemented mainly by calcite and sometimes with
ferrigenous material. The porosity is good due to the leaching
of clay matrix.
2.2.1.3. Laminated gypsiferous quartz arenite. It is recorded in
Betty-1well and ismainly composed ofmonocrystalline (occasion-
ally polycrystalline quartz grains, which are very ﬁne tomedium in
size, well rounded to subrounded, ill-sorted, and exhibit straight
(occasionally wavy) extinction (Plate 1-5). The intergranular con-
tacts are eitherpoint, elongate, or concavo-convex.Heavyminerals
(zircon and tourmaline) are recorded in this microfacies. The
quartz components are fully cemented with gypsum.
2.2.1.4. Clayey ferrigenous calcareous quartz arenite. It re-
corded in Betty-1 well and is mainly composed of monocrystal-
line (occasionally polycrystalline) quartz grains, which are ﬁne
to coarse in size, subrounded to well rounded, ill-sorted, and
exhibited straight (occasionallywavy) extinction. The intergran-
ular contacts are either point, elongate, or concavo-convex,
indicating the compaction process. Heavy minerals (zircon
and tourmaline) were recorded in this microfacies. These com-
ponents are cemented with ferrigenous, calcite and siliceous ce-
ments. The porosity of this microfacies is good, probably due to
the leaching of clay matrix and dissolution (Plate 1-7).
2.2.1.5. Feldspathic ferrigenous quartz arenite. It is recorded in
Betty-1 well and is mainly composed of monocrystalline quartz
grains, which are very ﬁne in size, subrounded to rounded, moder-
ately to well-sorted and exhibited straight extinction. The inter-
granular contacts are either point, elongate, or concavo-convex.
Fresh and altered feldspars, in addition to zircon and tourmaline
heavy minerals, are recorded. In this microfacies, ferrigenous ce-
ment (originated from intrastratal solution of detrital ferromagne-
sian minerals) is the most abundant cement (Plate 1-9).
2.2.1.6. Laminated sandstone and siltstone. It is recorded in
Mersa Matruh-1X well, where the sand lamina contains mono-
crystalline (occasionally wavy) quartz grains, which are very
ﬁne to ﬁne in size, subangular to subrounded, moderately to
ill-sorted and exhibited straight (occasionally wavy) extinction.
The siltstone contains silty size quartz grains, zircon and green-
ish tourmaline and grains of fresh and altered feldspar and
gypsum patches. The framework components are cemented
with ferrigenous material. The porosity of this microfacies is
good, probably due to fracturing (Plate 2-4).
2.2.2. Microfacies of Upper Cretaceous sandstones
2.2.2.1. Chloritic ferrigenous quartz wacke. It is recorded in
Betty-1 and Gibb Aﬁa-1 wells, and is mainly composed of
monocrystalline (occasionally polycrystalline) quartz grains
which are very ﬁne to very coarse in size, well rounded to sub-
rounded, ill to moderately sorted (Plate 1-1) and show straight
and occasionally wavy extinction. The grains are in point,
elongated and concavo-convex contacts. This microfacies is
mainly cemented with ferrigenous cement and partially by sil-
ica. Generally, the porosity is good due to cracking of some
quartz grains, dissolution of feldspars and leaching of clay ma-
trix. The chlorite cement is abundant in this microfacies with
rare ferrigenous cement. Some gypsum patches and heavy min-
erals (zircon and tourmaline) are also recorded.
Plate 1 (1) Chloritic ferrigenous quartz wacke, showing very ﬁne to medium subrounded to rounded; ill sorted quartz grains. Betty-1
well, depth 1047 m, core 10, S. No. 14, (PPL). (2) Photomicrograph of ferrigenous calcareous quartz wacke, showing subangular quartz
grains, point, elongated, and concavo-convex contacts and the calcite cement corroded quartz grains (see arrow). Gibb Aﬁa-1 well, depth
1389 m, core 24, S. No. 3, (CN). (3) Laminated quartz wacke showing silty size and good porosity formed due to leaching. Gibb Aﬁa-1
well, depth 1284 m, core 21, S. No. 5, (PPL). (4) Calcareous glauconitic quartz arenite, showing point, elongated and concavo-convex
contacts of quartz grains and silica overgrowth (see arrow). Salam-1X well, depth 1884 m, core 2, S. No. 13, (CN). (5) Laminated
gypsiferous quartz arenite, showing rounded quartz grains, and gradiation in size from medium to ﬁne grains. Betty-1 well, depth 3014 m,
core 29, S. No. 1, (CN). (6) Photomicrograph showing very ﬁne quartz grains, cemented by glauconite and iron oxide and intergranular
porosity. Salam-1X, depth 1879 m, core 1, S. No. 19, (PPL). (7) Clayey ferrigenous calcareous quartz arenite, showing very ﬁne to coarse
quartz grains, well rounded in chlorite matrix and good oversize porosity due to dissolution of detrital grains. Betty-1 well, depth 2755 m,
core 27, S. No. 4, (PPL). (8) Photomicrograph of ferrigenous calcareous glauconitic lithic arenite, showing ﬁne rounded quartz grains and
shell fragment cemented with calcite. Iron oxide coats the quartz grains. Mersa Matruh-1 well, depth 1590 m, core 12, S. No. 16, (PPL). (9)
Photomicrograph showing clay lamina with ferrigenous cement and microporosity. Betty-1 well, depth 2538 m, core 25, S. No. 8, (PPL).
(10) Fossiliferous biomicrite, showing bryozoa fragments and stylolites. Betty-1 well, depth 1375 m, core 16, S. No. 12, (CN).
Mutual relations between petrographical and petrophysical properties 792.2.2.2. Calcareous glauconitic quartz arenite. It is recorded in
Salam-1X well and is mainly composed of monocrystalline
quartz grains with rare polycrystalline quartz grains. The
quartz grains are generally of ﬁne to very ﬁne grain size,
rounded to subrounded, sometimes subangular and well-
sorted. The majority of the monocrystalline quartz exhibit
straight extinction, while little show undulose extinction. The
intergranular contacts are point, elongated, concavo-convexand sometimes sutured contacts, which indicate compaction
processes (Plate 1-4). Some quartz grains have silica over-
growth; others are rich in mineral inclusions, such as zircon
and yellowish tourmaline, which refer to graintic source of
these sediments. The components are cemented with calcite,
which sometimes corrodes the quartz grains indicating the
instability of quartz grains under alkaline conditions, leading
to the precipitation of calcite [23,24]. Glauconite replaces the
Plate 2 (1) Photomicrograph, showing calcite crystals and itnercrystalline porosity. Salam-1X, depth 1897 m, core 2, S. No. 4, (PPL). (2)
SEM photomicrograph showing, dolostone with rhombic dolomite (see arrow) and sedirite mineral. Mersa Matruh-1 well, depth 1009 m,
core 3, S. No. 23. (3) Calcareous algal siltstone with glauconite grains. Salam-1X, depth 1900 m, core 2, S. No. 1, (PPL). (4) Laminated
sandstone and siltstone showing very ﬁne sandstone and siltstone, clay matrix with channel and fracture porosities. Mersa Matruh-1 well,
depth 2497 m, core 21, S. No. 8, (PPL). (5) SEM photomicrograph, showing, authigenic kaolinite booklets, Salam-1X, depth 1878 m, core
1, S. No. 21. (6) SEM photomicrographs, showing ﬁbrous (hairy) illite in sandstone, it occurs as elongated ﬁlaments growing in pore
spaces, Betty-1 well, depth 3758 m, core 28, S. No. 3. (7) SEM photomicrograph showing polycrystalline quartz grain and authigenic
calcite, Salam-1X, depth 1873 m, core 1, S. No. 27. (8) Fracture ﬁlling by ferrigenous material of Mersa Matruh-1 well, depth 1465 m, core
11, S. No. 17, (PPL). (9) SEM photomicrograph, showing quartz dissolution, Salam-1X, depth 1892 m, core 2, S. No. 8. (10) Biosparite
showing, microcrystalline dolomite crystal in sparite cement. Mersa Matruh-1 well, depth 1246 m, core 6, S. No. 21, (CN). (11) SEM
photomicrograph, showing microcline alteration, Salam-1X, depth 1878 m, core 1, S. No. 21.
80 M.A. Kassab et al.calcite cement in some parts. This indicates subaerial condi-
tions and may be attributed to the increase of the solubility
of calcite at, and near, the weathered zone under low temper-
ature, pressure and pH values [25]. The kaolin is the most
abundant authigenic clay mineral and occurs as pore ﬁlling
in the form of ﬁne-grained aggregate, or as kaolinite booklets
leading to reduction of porosity (Plate 2-5).
2.2.2.3. Fossiliferous glauconitic calcareous quartz arenite. It is
recorded in Salam-1X well and is mainly composed of mono-
crystalline quartz grains. The quartz grains are generally veryﬁne to medium sized, rounded to subangular and moderate
to ill-sorted. The majority of the monocrystalline quartz grains
exhibit straight extinction, while little show undulose extinc-
tion. The intergranular contacts are mainly pointed and elon-
gated. In addition to the quartz grains, this microfacies
contains carbonate pellets; algae, oncoids and yellow to brown
glauconite pellets. The components of this microfacies are ce-
mented with calcite, ferrigenous cement and partially with
microsparite (Plate 1-6). The porosity is poor due to the calcite
and ferrigenous cement, which ﬁll the pore spaces between
grains.
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corded in the Salam-1X and Mersa Matruh-1X wells, and is
mainly composed of monocrystalline quartz grains up to
75%. The quartz grains are generally ﬁne to medium grain
size, rounded to subangular (occasionally well rounded), and
moderate to well sorted. Most of the monocrystalline quartz
grains exhibit straight extinction and are occasionally wavy,
showing different types of contacts such as point, elongated
and concavo-convex, which indicate compaction process [26].
Sandstone and carbonate rock fragments (25%) are recorded.
Few heavy minerals and glauconite grains are also present in
this microfacies. The cement is mostly calcite, ferrigenous
(Plate 1-8) and partially siliceous.
2.2.2.5. Calcareous algal siltstone. It is recorded in Salam-1X
well and is mainly composed of silty sized quartz grains. Glau-
conite, carbonate pellets and altered feldspars are recorded in
this microfacies (Plate 2-3). The cement is mainly calcite, in
addition to ferrigenous cement.
2.2.3. Microfacies of Upper Cretaceous carbonates
2.2.3.1. Fossiliferous biomicrite. It is recorded in Gibb Aﬁa-1
and Betty-1 wells and is mainly composed of shell fragments,
algae, foraminiferal tests and bryozoa fragments (Plate 1-10).
The iron oxide ﬁlls the cavity of some fossils. These compo-
nents are embedded in a micrite matrix.
2.2.3.2. Glauconitic oolitic sandy biosparite. It is recorded in
Salam-1X well and is mainly composed of ﬁne to medium, sub-
rounded to well rounded monocrystalline quartz grains, with
parallel extinction and yellowish to green glauconite pellets
and oolites, in addition to algae, bryozoa and carbonate pel-
lets. The components are embedded in sparite cement and
sometimes are cemented with ferrigenous material. The poros-
ity of this microfacies is good and the photomicrograph shows
calcite crystals and intercrystalline porosity (Plate 2-1).
2.2.3.3. Calcareous gypsiferous ferrigenous dolostone. It is re-
corded in the Mersa Matruh-1 well and is mainly composed
of calcite rohombs and ﬁne to medium rohombohedral dolo-
mite crystals (Plate 2-2), which are zoned by ferrigenous mate-
rials. The implied components are cemented by gypsum.
2.3. Depositional environments
The depositional environments concluded from the petrograph-
ical investigation are ﬂuviatile to shallow marine for the Lower
Cretaceous rocks, due to the presence of curved, straight
grooves and pits characteristic of high energy to torrential ﬂu-
vial environments added, the presence of algae, calcareous ce-
ment and oolites, ﬂuviatile to marine for the Upper
Cretaceous rocks due to the presence of sparite and fossils.
2.4. Diagenetic impacts
Diagenesis involves all processes that affect the sediments after
deposition and up to the lowest grade of metamorphism ‘‘the
green schist facies’’ [8]. They include all physico-chemical, bio-
chemical and physical processes modifying sediments between
deposition and lithiﬁcation, as well as the changes, which take
place in the chemistry of interstitial solutions [24,27,28].2.4.1. Diagenetic processes reducing porosity
2.4.1.1. Mechanical inﬁltration of clays. Clay may ﬁlter into
sandstone carried down by pore water from muddy interbeds
[29]. The extensive inﬁltration may drastically alter the texture
of the sediments and decrease its textural and compositional
maturity [26]. The mechanical inﬁltrated clay has been detected
in the studied sandstone, This is evidenced by the clay minerals
occurring in pores, that may partially or completely ﬁll the
interstitial voids, or as coating on the detrital grains (Plate 1-
1).
2.4.1.2. Formation of authigenic minerals. Authigenic clay min-
erals have been described by [30], who emphasized the primary
detrital origin of clay in sandstone, reﬂecting the environmen-
tal conditions at the time of deposition. The abundance of kao-
linite in the study area may lead to believe that, its stability
ﬁeld has prevailed over a long period of time, under conditions
suitable for the breakdown of other constituents (feldspar,
mica, quartz and other clay minerals). Kaolinite is the most
common clay mineral recorded in Salam-1X well in the form
of books shaped (Plate 2-5).The authigenic clay minerals are
also detected on the top of the quartz overgrowth surfaces,
which indicate that, the quartz overgrowth was formed early,
then followed by the formation of these clay rims or coat.
The authigenic illite is also detected in the Betty-1 well in the
ﬁbrous form (Plate 2-6). The authigenic quartz is also recorded
in the studied sandstones formed in a later stage, after forma-
tion of the clay or iron oxide rims around the detrital quartz
grains (Plate 1-4). Authigenic calcite is also present (Plate 2-7).
2.4.1.3. Compaction and pressure solution. The compaction
process is closely related to the burial depth [31,32], and porosity
causes reduction [33–35]. Several features indicate that, the
investigated sediments have been subjected to compaction. In
the studied sandstone, the grain contacts are mainly point,
straight and concavo-convex arranged in decreasing order of
abundance (Plate 1-4). The point and straight contactsmay indi-
cate that, the original grains had straight edges and secondary
silica was precipitated due to pressure, as a result of overgrowth
[36]. The concavo-convex and suture (Plate 1-10) boundaries
indicate a high degree of compaction processes. The early
cementing material (carbonate) may have played a role in min-
imizing the effect of compaction during burial time. This indi-
cates that, the pressure solution at grain contact is minimal,
where the sediment is cemented early before deep burial [26].
2.4.1.4. Cementation. It is the main reducing factor for the pore
volume of the studied samples. The most common cementing
material of the studied microfacies association is the calcite ce-
ment in the investigated sandstones and its distribution ranged
from patchy to uniform (Plate 1-2). Poikilotopic calcite crys-
tals are the dominant calcite cement in the studied sandstones,
which ﬁlls the intergranular pore spaces in sandstone and cor-
rodes the quartz grains. The calcite crystal enclosing detrital
quartz grains relative to the instability of quartz grains under
alkaline condition forms the precipitation of calcite [23,24]
and indicate the later formation of the calcite cement. The cal-
cite cementation in the studied samples leads to reduce the
porosity. The iron oxides in the present studied samples occur
as a very thin coat around the grains, staining the matrix in
many cases and/or found as irregular disseminated patches,
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type of silica cementation recorded in the studied sandstones,
especially at Salam-1X well, is the silica overgrowths around
some quartz grains in optical continuity with the detrital grains
and are separated by a thin ﬁlm of impurities, which may be
iron oxides or clay coating (Plate 1-4). Silica cement is formed
in the late stage of diagenesis, after the formation of calcite ce-
ment. Many different sources have been proposed for the ori-
gin of silica cement in sandstone rocks. Ref. [37] suggested
that, the source of silica is due to the transformation of smec-
tite to illite and/or feldspars to kaolinite. Ref. [38] suggested
that, the source of silica cement may be from the inﬁltration
of silica rich water from the adjacent muddy sediments, and
may be due to the replacement of silicates by carbonate [39],
or from the dissolution of detrital quartz grains. In the present
study and in view of the present authors, the main source of
silica is the dissolution of detrital quartz grains and the kaolin-
itization of feldspars (Plate 2-5).
2.4.1.5. Recrystallization. Ref. [40] introduced the term neo-
morphism, to include all the transformations of one mineral
or its polymorph. Evidence of neomorphism is reﬂected in the
calcitization of aragonitic bioclasts by coarse calcite mosaic.
The neomorphism processes include the polymorphic transfor-
mation of aragonite to calcite and the recrystallization. Recrys-
tallization in the studied Cretaceous carbonate sediments is
represented by calcitization of the aragonitic skeletal grains
and recrystallization of micrite to microsparite (Plate 2-10).
2.4.2. Diagenetic processes enhancing porosity
2.4.2.1. Dissolution of framework silicates. Dissolution in clas-
tic rocks has been documented, as an important diagenetic
phenomenon in promoting secondary porosity [41–43]. Pore
spaces created by the dissolution of original detrital grains
were then either ﬁlled by patches of iron oxides or left empty,
causing the increase of secondary porosity (Plate 1-6). Most
probably dissolution took place in response to signiﬁcant
changes in the physical and/or chemical characteristics of pore
ﬂuids, as temperature, salinity and partial pressure of CO2 [44].
Feldspars dissolution (Plate 2-11) is detected in the studied
samples, especially in Salam-1X well, while quartz dissolution
is also detected in Salam-1X well (Plate 2-9).
2.4.2.2. Leaching. Leaching is represented in some samples by
increasing the pore spaces of the rock, (Plate 1-3). The leaching
processes indicate that, the rock was affected by ﬂushing with
meteoric water after the uplifting process of this rock.
2.4.2.3. Dolomitization. Dolomitization is considered as a type
of replacement, which occurs due to chemical reaction between
Mg rich solution and solid CaCO3 under acidic and reducing
medium [45]. Petrographical studies reveal that, carbonate sed-
iments were occasionally affected by dolomitization, especially
at Mersa Matruh-1 well, where dolomite has replaced the mi-
crite matrix (Plate 2-2).
2.5. Petrophysical features
The obtained petrophysical data (Table 1) seem to be highly
heterogeneous. The heterogeneity of the present data could
be attributed mostly to differences in rock types, heterogeneityin the crystal sizes, clay amount and distribution and the com-
plexity of the pore space distribution in 3-D, [46].
Therefore, differentiating the studied samples, depending
on the petrographical studies and age into three petrophysical
groups: group 1 (Lower Cretaceous sandstones group), group
2 (Upper Cretaceous sandstones group) and group 3 (Upper
Cretaceous carbonates group) was appreciated.
The Lower Cretaceous sandstones have the lowest average
values of grain density and formation resistivity factor;
whereas the Upper Cretaceous sandstones have the higher val-
ues of grain density and formation resistivity factors. On the
contrary, Upper Cretaceous carbonates have the highest aver-
age porosity and the lowest average permeability (Table 1).
Numbers of petrophysical relationships are introduced to
follow up the petrophysical behavior, to examine the effects
between the different petrophysical parameters, to check the
effect of the diagenetic history impacts and to introduce a
number of empirical relationships of high precision to be used
to predict the petrophysical parameters of the Cretaceous rock
samples in the studied four wells in North Western Desert,
Egypt. The use of such empirical relationships should be con-
ﬁned in the studied area or basin, and cannot be extended in
other area or basins of the country, for the variation of the im-
plied geologic condition.
2.5.1. Bulk density (rb)–porosity (Ø) relationship
In the present study, bulk density–porosity relationships for
the studied samples of the Lower Cretaceous sandstones,
Upper Cretaceous sandstones and Upper Cretaceous carbon-
ates are shown in Fig. 4A. These relationships are excellent in-
verse, relations characterized by high and reliable coefﬁcient of
correlations of r= 0.99, 0.9 and 0.97, respectively. This
linear relationship shows that, rock samples have similar min-
eralogical composition, grain shape, packing and fabric; there-
fore, the pore framework is expected to be uniform and
homogeneous. The bulk density–porosity relationships in these
ﬁgures are linear and controlled by the following equations:
Ø ¼ 0:33rb þ 0:90; for Lower Cretaceous sandstones ðr ¼ 0:99Þ
Ø ¼ 0:25rb þ 0:72; for Upper Cretaceous sandstones ðr ¼ 0:90Þ
Ø ¼ 0:31rb þ 0:88; for Upper Cretaceous carbonates ðr ¼ 0:97Þ
This ﬁgure shows close relationships illustrating an increase
of porosity with decreasing the bulk density of the Lower Cre-
taceous sandstones, Upper Cretaceous sandstones and Upper
Cretaceous carbonate rocks. We can predict the bulk density
from porosity measurements with a great precision.
2.5.2. Permeability (K)–porosity (Ø) relationship
Permeability–porosity cross plot for the studied samples of the
Lower Cretaceous sandstones, Upper Cretaceous sandstones
and Upper Cretaceous carbonate rocks are shown in
Fig. 4B. The data points in the ﬁgure show different positive
trends between the porosity and permeability, which are char-
acterized by correlations coefﬁcient of r= 0.62, 0.84 and 0.73,
respectively. The relations between permeability and porosity
are fair, very good and good for the Lower Cretaceous sand-
stones, Upper Cretaceous sandstones and Upper Cretaceous
carbonates, respectively. The fair coefﬁcient of correlations
(r= 0.62 and 0.73) of the Lower Cretaceous sandstone and
Upper Cretaceous carbonate rocks, respectively, means that,
Table 1 Compilation of minimum, maximum and average values of petrophysical parameters of Lower Cretaceous sandstones,
Upper Cretaceous sandstone and Upper Cretaceous carbonate samples.
Rock type petrophysical
parameters
Lower Cretaceous sandstones Upper Cretaceous sandstones Upper Cretaceous carbonates
Min. Max. Ave. Min. Max. Ave. Min. Max. Ave.
rb 1.92 2.54 2.22 1.92 2.697 2.26 1.64 2.74 2.14
rg 2.61 2.76 2.657 2.59 3.1 2.72 2.68 3.07 2.74
Ø, % 6.2 27.6 16.6 6.8 26.7 16.7 2.9 37.3 22.0
K, mD 0.01 826.52 114.14 0.00 321.06 50.40 0.01 53.87 3.91
RQI 0.01 2.02 0.43 0.00 1.16 0.29 0.02 0.54 0.08
R1 8.29 57.27 19.49 7.43 107.85 26.50 4.24 156.85 25.95
R2 2.64 20.04 6.49 2.52 38.28 9.73 1.34 41.84 8.86
R3 2.30 14.43 5.07 2.19 30.22 7.72 1.14 28.19 6.68
F1 15.30 105.66 38.77 13.70 198.99 48.91 7.82 289.38 47.88
F2 16.59 126.02 40.83 15.87 240.75 61.17 8.40 263.16 55.72
F3 19.87 124.70 43.85 18.93 261.23 66.76 9.84 243.66 57.69
t 1.84 3.63 2.27 1.58 5.14 2.40 1.71 3.60 2.21
Where K is the permeability (mD), Ø is the porosity (%), RQI is the reservoir quality index, (lm), rg is the grain density (g/cm
3) and rb is the
bulk density (g/cm3). R1, R2 and R3 are the electrical resistivities in X m, at concentration 6000, 30,000 and 60,000 ppm, respectively. F1, F2
and F3 are the formation resistivity factor at the concentrations 6000, 30,000, 60,000 ppm, respectively, and t is the electrical tortousity.
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ability values. Also, the presence of ﬁne contents and/or differ-
ences in pore throat sizes can reﬂect such cases of low
correlation between them. The very good correlation coefﬁ-
cients of the Upper Cretaceous sandstones (r= 0.84) means
decreasing the amounts of ﬁne contents and/or increasing the
pore throat sizes. The equations representing these relations
are:
lnðKÞ ¼ 39:094Ø 5:426; for Lower Cretaceous sandstones ðr ¼ 0:62Þ
lnðKÞ ¼ 49:738Ø 7:969; for Upper Cretaceous sandstones ðr ¼ 0:84Þ
lnðKÞ ¼ 12:712Ø 3:515; for Upper Cretaceous carbonates ðr ¼ 0:73Þ
A few data points are scattered above and below the best ﬁt
lines, this may be due to the effect of the isolated porosity and
differences in pore spaces radii.
2.5.3. Reservoir quality index (RQI)–porosity (Ø) relationship
The reservoir quality index (RQI, lm) values (Table 1) of the
Lower Cretaceous sandstones, Upper Cretaceous sandstones
and Upper Cretaceous carbonates are directly related to the
porosity (Fig. 4C). Porosity and reservoir quality index rela-
tions of the Lower Cretaceous sandstones and Upper Creta-
ceous carbonates are with weak correlation coefﬁcient
(r= 0.53 and 0.56), respectively. The Upper Cretaceous sand-
stones has good correlation coefﬁcient (r= 0.7), this means
that, the reservoir of the Upper Cretaceous sandstones shows
high values of homogeneity than those of both the Lower Cre-
taceous sandstones and Upper Cretaceous carbonates. The
equations representing these relations are:
lnðRQIÞ ¼ 16:29 lnðØÞ  4:71; for Lower Cretaceous sandstones ðr ¼ 0:53Þ
lnðRQIÞ ¼ 21:72 lnðØÞ  5:99; for Upper Cretaceous sandstones ðr ¼ 0:70Þ
lnðRQIÞ ¼ 3:47 lnðØÞ  3:73; for Upper Cretaceous carbonates ðr ¼ 0:56Þ2.5.4. Reservoir quality index (RQI)–permeability (K)
relationship
The reservoir quality index (RQI, lm) values of the Lower
Cretaceous sandstones, Upper Cretaceous sandstones and
Upper Cretaceous carbonates are directly related to the perme-ability (Fig. 4D). Permeability and reservoir quality index rela-
tions of Lower Cretaceous sandstones, Upper Cretaceous
sandstones and Upper Cretaceous carbonates are with excel-
lent correlation coefﬁcient (r= 0.996, 0.997 and 0.96), respec-
tively. These relations are closed relationships, the equations
representing these relations are:
lnðRQIÞ ¼ 0:467 lnðKÞ  2:499; for Lower Cretaceous sandstone ðr ¼ 0:996Þ
lnðRQIÞ ¼ 0:456 lnðKÞ  2:517; for Upper Cretaceous sandstones ðr ¼ 0:997Þ
lnðRQIÞ ¼ 0:364 lnðKÞ  2:703; for Upper Cretaceous carbonates ðr ¼ 0:96Þ
From the above mentioned relations, we found that, the
reservoir quality index (RQI) depends mainly on permeability.
The reservoir quality index (RQI) average values of the Lower
Cretaceous sandstones, Upper Cretaceous sandstones and
Upper Cretaceous carbonates (Table 1) are 0.43, 0.29 and
0.08 lm, respectively. The average values of porosity are
16.6%, 16.7% and 22.0%, respectively, and the average values
of permeability are 114.14, 50.40 and 3.91 respectively. These
indicate that, the sandstones of the Lower and Upper Creta-
ceous are characterized by moderate to high reservoir quality,
while the Upper Cretaceous carbonate rocks are characterized
by low reservoir quality.
2.5.5. Electrical resistivity (R)–porosity (Ø) relationship
Electrical resistivity values (Table 1) of the Lower Cretaceous
sandstones, Upper Cretaceous sandstones and Upper Creta-
ceous carbonates at concentration (6000 ppm) are inversely re-
lated to the porosity with high coefﬁcient of correlations
(r= 0.85, 0.78 and 0.94), respectively (Fig. 5A). These
relations are controlled by the equations:
lnR1 ¼ 1:25 lnØþ 0:284; for Lower Cretaceous sandstones ðr ¼ 0:85Þ
lnR1 ¼ 1:59 lnØ 0:03; for Upper Cretaceous sandstones ðr ¼ 0:78Þ
lnR1 ¼ 1:41 lnØþ 0:215; for Upper Cretaceous carbonates ðr ¼ 0:94Þ
Electrical resistivity (R2)–porosity relationships of the stud-
ied samples of the Lower Cretaceous sandstones, Upper Creta-
ceous sandstones and Upper Cretaceous carbonate rocks at
concentration (30,000 ppm) are inversely related to the high
coefﬁcient of correlations (r= 0.88, 0.82 and 0.94),
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Figure 4 Cross plots showing the relation between porosity and bulk density (A), permeability and bulk density (B), porosity and
reservoir quality index (C) and permeability and reservoir quality index (D) of Lower Cretaceous sandstones, Upper Cretaceous
sandstones and Upper Cretaceous carbonates.
84 M.A. Kassab et al.respectively (Fig. 5B). These relations are controlled by the
equations:
lnR2 ¼ 1:25 lnØ 0:58; for Lower Cretaceous sandstones ðr ¼ 0:88Þ
lnR2 ¼ 1:68 lnØ 1:22; for Upper Cretaceous sandstones ðr ¼ 0:82Þ
lnR2 ¼ 1:46 lnØ 0:91; for Upper Cretaceous carbonates ðr ¼ 0:94Þ
Electrical resistivity (R3)–porosity relationships of the stud-
ied samples of the Lower Cretaceous sandstones, Upper Creta-
ceous sandstones and Upper Cretaceous carbonate rocks at
concentration (60,000 ppm) are inversely related to the highcoefﬁcient of correlations (r= 0.85, 0.8 and 0.94),
respectively (Fig. 5C). These relations are controlled by the
equations:
lnR3 ¼ 1:15 lnØ 0:61; for Lower Cretaceous sandstones ðr ¼ 0:85Þ
lnR3 ¼ 1:59 lnØ 1:27; for Upper Cretaceous sandstones ðr ¼ 0:80Þ
lnR3 ¼ 1:38 lnØ 1:01; for Upper Cretaceous carbonates ðr ¼ 0:94Þ
We can conclude that, the resistivity of the studied samples
decreases with increasing the porosity in all different concen-
trations, so, that the porosity is one of the main factors, which
effect on the resistivity.
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relationship
The gradual change in the determined formation resistivity fac-
tor, for the studied samples saturated by sodium chloride solu-
tions of the three different concentrations, has been listed in
(Table 1). Formation resistivity factor (F1)–porosity relation-
ships at Rw1 = 0.54 X m (6000 ppm) for the studied samples
of the Lower Cretaceous sandstones, Upper Cretaceous sand-
stones and Upper Cretaceous carbonate rocks are shown in
Fig. 5D. These relationships are characterized by slightly high
coefﬁcients of correlations, r= 0.83, 0.78 and 0.94,
respectively. These relationships are controlled by the
equations:
ln F1 ¼ 1:396 lnØþ 0:87; for Lower Cretaceous sandstones ðr ¼ 0:83Þ
ln F1 ¼ 1:59 lnØþ 0:59; for Upper Cretaceous sandstones ðr ¼ 0:78Þ
ln F1 ¼ 1:411 lnØþ 0:83; for Upper Cretaceous carbonates ðr ¼ 0:94Þ
Formation resistivity factor (F2)–porosity relationships at
Rw2 = 0.16 X m (30,000 ppm) for the studied samples of the
Lower Cretaceous sandstones, Upper Cretaceous sandstones
and Upper Cretaceous carbonate rocks are shown in
Fig. 5E. These relationships are characterized by slightly high
coefﬁcients of correlations, r= 0.88, 0.82 and 0.94,
respectively. These relationships are controlled by the
equations:
ln F2 ¼ 1:248 lnØþ 1:26; for Lower Cretaceous sandstones ðr ¼ 0:88Þ
ln F2 ¼ 1:684 lnØþ 0:62; for Upper Cretaceous sandstones ðr ¼ 0:82Þ
ln F2 ¼ 1:457 lnØþ 0:93; for Upper Cretaceous carbonates ðr ¼ 0:94Þ
Formation resistivity factor (F3)–porosity relationships at
Rw3 = 0.116 X m (60,000 ppm) for the studied samples of
the Lower Cretaceous sandstones, Upper Cretaceous sand-
stones and Upper Cretaceous carbonate rocks are shown in
Fig. 5F. These relationships are characterized by slightly high
coefﬁcients of correlations (r= 0.85 and 0.8) for the Lower
and Upper Cretaceous sandstones, respectively and a very high
coefﬁcient of correlation for the Upper Cretaceous carbonates
(r = 0.94). These relationships are controlled by the
equations:
ln F3 ¼ 1:146 lnØþ 1:54; for Lower Cretaceous sandstones ðr ¼ 0:85Þ
ln F3 ¼ 1:59 lnØþ 0:88; for Upper Cretaceous sandstones ðr ¼ 0:80Þ
ln F3 ¼ 1:383 lnØþ 1:148; for Upper Cretaceous carbonates ðr ¼ 0:94Þ
It is noted that, the cementation factor (m), of the general
Wyllie’s equation [47], calculated at the above mentioned three
successive brine concentrations for the Lower Cretaceous
sandstones are 1.40, 1.59 and 1.41, respectively, for the Upper
Cretaceous sandstones are 1.25, 1.68 and 1.46, respectively,
and for the Upper Cretaceous carbonates are m= 1.15, 1.59
and 1.38, respectively.
2.5.7. Electrical tortuosity (t)–porosity (Ø) relationship
Electrical tortuosity–porosity relationships of the studied sam-
ples of the Lower Cretaceous sandstones, Upper Cretaceous
sandstones and Upper Cretaceous carbonates rocks, that are
shown in Fig. 6A. These relationships are inversely related to
the low coefﬁcient of correlations (r= 0.39, 0.42 and
0.62) for the Lower Cretaceous sandstones, Upper Creta-
ceous sandstones and Upper Cretaceous carbonates rocks,
respectively. These low values of the coefﬁcient of correlationsindicate that, the tortuosity has a slight effect on the porosity.
These relations are controlled by the equations:
lnðtÞ ¼ 0:198 lnØþ 0:44; for Lower Cretaceous sandstones ðr ¼ 0:39Þ
lnðtÞ ¼ 0:295 lnØþ 0:29; for Upper Cretaceous sandstones ðr ¼ 0:42Þ
lnðtÞ ¼ 0:21 lnØþ 0:41; for Upper Cretaceous carbonates ðr ¼ 0:62Þ2.5.8. Electrical tortuosity (t)–permeability (K) relationship
Electrical tortuosity–permeability relationships of the studied
samples of the Lower Cretaceous sandstones, Upper Creta-
ceous sandstones and Upper Cretaceous carbonates rocks, that
are shown in Fig. 6B. These relationships are inversely related
to the low coefﬁcient of correlations (r= 0.24, 0.4 and
0.62) for the Lower Cretaceous sandstones, Upper Creta-
ceous sandstones and Upper Cretaceous carbonates rocks,
respectively. The low values of the coefﬁcient of correlations
indicate that, the tortuosity has a slight effect on the perme-
ability. These relations are controlled by the equations:
lnðtÞ ¼ 0:013 lnKþ 0:82; for Lower Cretaceous sandstones ðr ¼ 0:24Þ
lnðtÞ ¼ 0:03 lnKþ 0:85; for Upper Cretaceous sandstones ðr ¼ 0:40Þ
lnðtÞ ¼ 0:072 lnKþ 0:71; for Upper Cretaceous carbonates ðr ¼ 0:62Þ2.5.9. Electrical tortuosity (t)–formation resistivity factor (F)
relationship
Electrical tortuosity is plotted versus the formation resistivity
factor (F1) for the studied samples of the Lower Cretaceous
sandstones, Upper Cretaceous sandstones and Upper Creta-
ceous carbonates rocks are, that are shown in Fig. 6C. These
relationships indicate high directly proportional relationships
with the coefﬁcient of correlations (r= 0.84, 0.89 and 0.85)
for the Lower Cretaceous sandstones, Upper Cretaceous sand-
stones and Upper Cretaceous carbonate rocks, respectively.
These relationships indicate the dependence of formation resis-
tivity factor on tortuosity. These relations are controlled by the
equations:
lnðF1Þ ¼ 2:75 ln tþ 1:24; for Lower Cretaceous sandstones ðr ¼ 0:84Þ
lnðF1Þ ¼ 2:596 ln tþ 1:34; for Upper Cretaceous sandstones ðr ¼ 0:89Þ
lnðF1Þ ¼ 3:86 ln tþ 0:29; for Upper Cretaceous carbonates ðr ¼ 0:85Þ
The electrical tortousity (t) is plotted versus the formation
resistivity factor (F2) for the studied samples of the Lower Cre-
taceous sandstones, Upper Cretaceous sandstones and Upper
Cretaceous carbonates rocks, that are shown in Fig. 6D. These
relationships indicate high directly proportional relationships
with the coefﬁcient of correlations (0.86 and 0.81) for the
Upper Cretaceous sandstones and Upper Cretaceous carbon-
ates rocks, respectively, and of low coefﬁcient of correlation
for the Lower Cretaceous sandstone rocks (r= 0.59). These
relations are controlled by the equations:
lnðF2Þ ¼ 1:64 ln tþ 2:24; for Lower Cretaceous sandstones ðr ¼ 0:59Þ
lnðF2Þ ¼ 2:52 ln tþ 1:61; for Upper Cretaceous sandstones ðr ¼ 0:86Þ
lnðF2Þ ¼ 3:75 ln tþ 0:55; for Upper Cretaceous carbonates ðr ¼ 0:81Þ
The electrical tortousity (t) is plotted versus the formation
resistivity factor (F3) for the studied samples of the Lower Cre-
taceous sandstones, Upper Cretaceous sandstones and Upper
Cretaceous carbonates rocks, that are shown in Fig. 6E. These
relationships indicate directly proportional relationships with
the coefﬁcient of correlations (r= 0.63, 0.86 and 0.49) for
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Figure 5 Cross plots showing the relation between porosity and resistivity – R1 (A), porosity and resistivity – R2 (B), porosity and
resistivity – R3 (C), porosity and formation resistivity factor – F1(D), porosity and formation resistivity factor – F2 (E) and porosity and
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Figure 6 Cross plots showing the relation between porosity and tortousity (A), permeability and tortousity (B), tortousity and formation
resistivity factor – F1 (C), tortousity and formation resistivity factor – F2 (D) and tortousity and formation resistivity factor – F3 (E) of
Lower Cretaceous sandstones, Upper Cretaceous sandstones and Upper Cretaceous carbonates.
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and Upper Cretaceous carbonates rocks, respectively. These
relations are controlled by the equations:
lnðF3Þ ¼ 1:64 ln tþ 2:32; for Lower Cretaceous sandstones ðr ¼ 0:63Þ
lnðF3Þ ¼ 2:4 ln tþ 1:81; for Upper Cretaceous sandstones ðr ¼ 0:86Þ
lnðF3Þ ¼ 2:68 ln tþ 1:72; for Upper Cretaceous carbonates ðr ¼ 0:49Þ3. Discussions and conclusions
Petrographically, the Cretaceous rock samples from Gibb
Aﬁa-1, Betty-1, Salam-1X and Mersa Matruh-1 wells, North
Western Desert, Egypt, can be differentiated into 14 microfa-
cies, namely, chloritic ferrigenous quartz wacke, ferrigenous
calcareous quartz wacke, laminated quartz wacke, calcareous
glauconitic quartz arenite, laminated gypsiferous quartz are-
nite, fossiliferous glauconitic calcareous quartz arenite, clayey
ferrigenous calcareous quartz arenite, ferrigenous calcareous
glauconitic lithic arenite, feldspathic ferrigenous quartz are-
nite, fossiliferous biomicrite, glauconitic oolitic sandy biospa-
rite, calcareous gypsiferous ferrigenous dolostone, calcareous
algal siltstone and laminated sandstone and siltstone.
The depositional environments concluded from the petro-
graphical investigation are ﬂuviatile to shallow marine for
the Lower Cretaceous rocks due to the presence of curved,
straight grooves and pits characteristic of high energy to tor-
rential ﬂuvial environments, and the presence of algae, calcar-
eous cement and oolites, ﬂuviatile to marine environments for
the Upper Cretaceous rocks, due to the presence of sparite and
fossils.
Diagenesis plays a considerable role in controlling the res-
ervoir quality. In this work, it is found that, some diagenetic
processes enhancing porosity due to the effects of dissolution
of framework silicates, leaching and dolomitization and others
reduced porosity due to the effects of mechanical inﬁltration of
clays, formation of authigenic minerals, compaction and pres-
sure solution, cementation and recrystallization.
The porosity evaluation from the petrographical study is
mainly interparticle, vugs and molds in, addition to fractures
and channel porosities (Plates 1-7, 2-4 and 2-1) were micro-
scopically identiﬁed in the studied Cretaceous samples follow-
ing [48,49]. It is obvious that most, of the primary porosity was
destroyed during the diagenetic history of the rocks and those
of the observed or calculated porosities are mostly of second-
ary porosity.
The average porosities of the Lower Cretaceous sandstones,
Upper Cretaceous sandstones and Upper Cretaceous carbon-
ates are 16.6%, 16.7% and 22.0%, respectively. It depends
mainly on the bulk densities (averages, 2.22, 2.26 and 2.14 g/
cm3, respectively).
Some samples of the Lower and Upper Cretaceous sand-
stones are mostly characterized by good porosity and fair per-
meability; this may be due to the effect of signiﬁcantly high
percentage of silt and clays. Some samples are characterized
by good porosity and very good permeability; this may be
due to the interconnected pore spaces, increases the pore-
throats and decreases the amount of silt and clays. The most
porous rocks among the studied samples are of the Upper Cre-
taceous carbonate samples than those of the sandstones of the
Lower and Upper Cretaceous samples. The Upper Cretaceous
carbonate rocks are characterized by high porosity (22.0%)and low permeability (3.91 mD); this could be attributed to
the isolated pore space and decreasing in pore throat size,
due the presence of signiﬁcant amount of ﬁne particles (e.g.
clay minerals having microporosity and led to reduction of
the pore throat radius). Dolomitization and dissolution prob-
ably had the greatest inﬂuence on the reservoir quality.
Although dolomitization created only minor amounts of inter-
crystalline porosity, it is signiﬁcantly enhanced or reduced the
permeability [50].
The permeability of most studied rock samples increases
with increasing the porosity. The sandstones rocks are charac-
terized by good porosity and permeability, it may be consid-
ered as good reservoir rocks. The carbonate rocks in the
studied area are characterized by high porosity and very low
permeability, which make them bad reservoir rocks.
The reservoir quality index with average values of 0.43, 0.29
and 0.08 lm, of the Lower Cretaceous sandstones, Upper Cre-
taceous sandstones and Upper Cretaceous carbonates, respec-
tively, depends, mainly on the permeability with average values
114.14, 50.40 and 3.91 mD, respectively. This indicates that the
sandstones of the Lower and Upper Cretaceous are character-
ized by high to moderate reservoir quality, respectively, while
the Upper Cretaceous carbonate rocks are characterized by
low reservoir quality.
The average grain density value of the Lower Cretaceous
sandstone (2.657 g/cm3) is closely compared to the grain den-
sity of quartz with 2.648 g/cm3 [51], while average grain density
value of the Upper Cretaceous sandstone (2.72 g/cm3) is differ-
ent. It is higher than the grain density value of the Lower Cre-
taceous sandstone, may be due to the presence of iron oxides
as a cement material. The low bulk density values of the Upper
Cretaceous carbonate rocks may come from the high porosity,
due to dolomitization and pressure solution, where the lime-
stone were dissolved along the planes, as a result of the over-
burden tectonic pressure [52].
The bulk density (2.22, 2.26 and 2.14 g/cm3) of the Lower
Cretaceous sandstones, Upper Cretaceous sandstones and
Upper Cretaceous carbonates rocks samples, respectively and
electrical resistivity at concentration 6 kppm (19.49, 26.50
and 25.95 X m, respectively), at concentration 30 kppm (6.49,
9.73 and 8.86 X m, respectively) and at concentration 60 kppm
(5.07, 7.72 and 6.68 X m, respectively), indicating that, the
resistivity increases with increasing the bulk density of the
studied rock samples, may be due the presence of some amount
of insulating minerals, beside the effect of porosity, where the
porosity is one of the main factors, which effect on the resistiv-
ity in this study.
The formation resistivity factor was measured at three con-
sequent saline concentrations of 6, 30 and 60 kppm. It is con-
trolled by the porosity and electrical tortuosity. The formation
resistivity factor (F) and porosity relation is very important,
cementation factor (m) of the general Wyllie’s equation are cal-
culated from this relation for the Lower Cretaceous sandstone,
Upper Cretaceous sandstone and carbonate rocks. The aver-
age values of m are 1.45 and 1.47 for the Lower Cretaceous
sandstones and Upper Cretaceous sandstones, respectively.
The values of m for the studied sandstone samples agree with
the published values, which vary from 1.30 up to 2.00 for the
clean sandstone reservoir, according to [12].
The average value of m is 1.37 for the Upper Cretaceous
carbonates, which does not agree with the published values.
This may be due to the presence of fractures [53] or may be
Mutual relations between petrographical and petrophysical properties 89due to poorly cemented rocks [54], where the values of m equal
to 2.00 for the chalky rocks and compacted formations, while
for compact limestones, which are highly cemented rocks, the
value of m may be as high as 3.00 [11].
The bulk density values and the formation resistivity factor
values at the three different concentrations (6, 30 and
60 kppm) show that, the bulk density has a signiﬁcant effect
on the formation resistivity factor, while the grain density val-
ues and the formation resistivity factor values at the three dif-
ferent concentrations show that, the grain density has high
effect on the formation resistivity factor of both the Lower
and Upper Cretaceous sandstones, while it has a slight effect
on the formation resistivity factor of the Upper Cretaceous
carbonate.
The relationships of electrical tortousity with both porosity
and permeability are inversely proportional with the low coef-
ﬁcient of correlations, which indicate that the tortousity has a
slight effect on both porosity and permeability.
The electrical tortousity and formation resistivity factor are
directly proportional with the high coefﬁcient of correlations
for the Lower Cretaceous sandstones, Upper Cretaceous sand-
stones and Upper Cretaceous carbonates rocks, respectively,
these relations indicate the dependence of formation resistivity
factor on tortuosity.
The electrical tortousity (2.27, 2.40 and 2.21) of the Lower
Cretaceous sandstones, Upper Cretaceous sandstones and
Upper Cretaceous carbonates rocks samples, respectively in-
creases with increasing cementation factors (1.45, 1.47 and
1.37) of the Lower Cretaceous sandstones, Upper Cretaceous
sandstones and Upper Cretaceous carbonates rocks samples,
respectively.
Finally, from petrography and petrophysical studies, the
Cretaceous clastic units are moderate to high reservoir proper-
ties, while Cretaceous carbonate units are of low reservoir
properties.
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